Cardiovascular disease (CVD) and CVD risk factors cluster within families, due to both genetic and environmental factors. Consequently, offspring of hypertensive or obese parents are at increased risk of hypertension 1,2 and obesity 3 . Familial aggregation of CVD risk factors can lead to early atherosclerosis. Increased carotid intima media thickness (CIMT) and arterial stiffness have been shown when comparing offspring of normotensive and hypertensive parents, both in young adulthood 4,5 and adolescence [6] [7] [8] . However, no associations between pulse wave velocity 9 and elastic modulus (EM) 10 and parental hypertension history were observed in other studies among young adults and adolescents, respectively. Interestingly, in only one study the observed vascular differences could be explained by the blood pressure of the offspring 7 , which leaves the exact mechanism undetermined. Although differences in vasculature seem to be already present in adolescence, the age of onset is still unknown. Since previous studies all compared subjects with hypertensive parents to those with normotensive parents, it remains unclear whether parental blood pressure is related to their children's vasculature continuously. In addition, the individual and combined associations of paternal and maternal blood pressure with vasculature of the children remain unknown.
Cardiovascular disease (CVD) and CVD risk factors cluster within families, due to both genetic and environmental factors. Consequently, offspring of hypertensive or obese parents are at increased risk of hypertension 1,2 and obesity 3 .
Familial aggregation of CVD risk factors can lead to early atherosclerosis. Increased carotid intima media thickness (CIMT) and arterial stiffness have been shown when comparing offspring of normotensive and hypertensive parents, both in young adulthood 4, 5 and adolescence [6] [7] [8] . However, no associations between pulse wave velocity 9 and elastic modulus (EM) 10 and parental hypertension history were observed in other studies among young adults and adolescents, respectively. Interestingly, in only one study the observed vascular differences could be explained by the blood pressure of the offspring 7 , which leaves the exact mechanism undetermined. Although differences in vasculature seem to be already present in adolescence, the age of onset is still unknown. Since previous studies all compared subjects with hypertensive parents to those with normotensive parents, it remains unclear whether parental blood pressure is related to their children's vasculature continuously. In addition, the individual and combined associations of paternal and maternal blood pressure with vasculature of the children remain unknown.
Since atherosclerosis is an accumulating process, which starts early in life 11, 12 , knowledge on early life predictors of later CVD risk is important for CVD prevention. From an etiologic point of view, both timing and magnitude of an association between parental blood pressure and vasculature of the children are interesting, as associations very early in life may indicate a nature rather than a nurture effect.
To determine whether parental blood pressure is associated with vascular characteristics of their offspring as early as in childhood and to explore whether the presence of vascular differences is primarily related to blood pressure of one or both parents, we set out to measure CIMT and vascular stiffness in healthy 5-year-old children.
Methods
Design and study population. This study is part of the Wheezing-Illnesses-Study-LEidsche-Rijn (WHISTLER) study, an ongoing population-based birth cohort, initiated in 2001. 13 Background adolescent offspring of hypertensive parents have increased carotid intima media thickness (CIMt) and arterial stiffness compared with offspring of normotensives. We assessed whether systolic blood pressure (sBP) of both parents is associated with the vasculature of their offspring as early as in childhood.
In the first 306 5-year-old children of the Wheezing-Illnesses-studyLeidsche-Rijn birth cohort, CIMt, distensibility, and elastic modulus (EM) were obtained ultrasonographically. In 204 of 306 (67%) children, complete data on both maternal and paternal sBP were obtained from the linked database of the Utrecht Health Project.
results
CIMt of the children was 0.58 μm (95% confidence interval (CI): 0.14, 1.0) greater with every 1-mm Hg higher maternal sBP. Maternal sBP and children's distensibility and EM were more strongly associated, negative and positive respectively, with increasing paternal sBP and vice versa (P value-for-interaction: 0.003 and 0.001, respectively). CIMt of children of whom both parents were in the highest sBP tertile was 17.9 μm (95% CI: 4.0, 31.9) greater compared with the CIMt of children of whom neither one of the parents had a sBP in the highest tertile. For EM and distensibility, these estimates were 20.1 kPa (95% CI: 1.1, 39.2) and −11.6 1/Mpa (95%-CI: −22.9, −0.31), respectively.
Healthy newborns in Leidsche Rijn, a new residential area near the city of Utrecht, are enrolled. Exclusion criteria are gestational age <36 weeks, major congenital abnormalities and neonatal respiratory disease. Currently, over 2,000 infants have been included. Detailed information on the neonatal visit has been previously presented 14 . The 5-year-old children of the WHISTLER cohort were invited (until February 2010, n = 603) for follow-up measurements. Of those children, 82 of 603 (14%) were lost to follow-up, due to incorrect contact details. Of the remaining subjects, 145 of 521 (28%) declined and 376 of 521 (72%) accepted. Vascular measurements were performed in 306 of 376 (81%) subjects; in the remaining 70 participants, the focus was solely on respiratory measures or they had the visit planned in the near future (n = 19). An overview of the study population is presented in Figure 1 .
This study was approved by the pediatric Medical Ethical Committee of the University Medical Center Utrecht. Written informed parental consent was obtained.
Follow-up measurements. Methods of the follow-up measurements have previously been described 15 . Briefly, at 5 years of age, far wall CIMT, diastolic diameter, and change in diameter from diastolic to systolic diameter as function of time, so called distension, of the right common carotid artery were studied ultrasonographically using high-resolution echo tracking technology (Art.lab, Esaote, Italy) including a 128 radiofrequency line multiarray, with a L10-5 40 mm linear array transducer 16 . Subjects were measured in supine position after at least a 10-minute rest. Both measurements were repeated a maximum of four times. All measurements were performed by one of the investigators (C.C.G.) and a trained research nurse, both blinded to parental characteristics. Reproducibility was evaluated for distension, CIMT and lumen diameter. Coefficients of variation for distension, CIMT and lumen diameter, based on measurements by one observer in 10 subjects on two different occasions, were 7.1, 4.3, and 2.4%, respectively.
During ultrasonography, blood pressure was recorded twice in the brachial artery using a semiautomatic oscillometric device with a pediatric cuff (DINAMAP; Criticon, Tampa, FL). The measurements were averaged to estimate the common carotid artery local pulse pressure. Averages of distension, CIMT, and lumen diameter were taken to assess the elastic properties of the artery as a hollow structure through distensibility, and of the arterial wall through the EM.
CIMT and distension were obtained successfully in 301 of 306 (98%) and 275 of 306 (90%) subjects respectively. In 13 of 275 (5%) subjects, distensibility could not be calculated as blood pressure was lacking (2 subjects persistently refused and in the first 11 participants blood pressure was not measured during ultrasonography). Vascular measurements took ~30 minutes to complete, during which time the children could watch their favorite movie.
In addition, anthropometrics were measured and data on child and parental characteristics with respect to the previous years were collected using questionnaires.
Parental blood pressure. Data on parental blood pressure were obtained through linkage to the Utrecht Health Project (UHP), a large health monitoring study among all new inhabitants of Leidsche Rijn 17 . Data on antihypertensive drug use was also obtained from the UHP. As part of the UHP, blood pressure is measured in a sitting position at the dominant arm with an Omron M4 device (Medizintechnik, Handelsgesellschaft mbH, Mannheim, Germany), with the cuff size adjusted to the arm circumference. During the same visit, blood pressure is measured twice with 2 minutes in between each measurement. Since systolic blood pressure (SBP) is more strongly associated with CVD risk than diastolic blood pressure (DBP) [18] [19] [20] , SBP was used as the main determinant. For both paternal and maternal SBP, the first measurement was significantly higher than the second measurement (mean difference: 4.3 (95%-confidence interval (CI): 3.1, 5.6) and 4.2 (95%-CI: 2.9, 5.4) mm Hg, respectively). Therefore, the SBP of the second measurement was used in this study. In the cases where blood pressure was only measured once, the SBP of this single measurement was used (n = 16).
Since not all parents participated in the UHP, paternal blood pressure was only available for 211 of 306 (69%) children and maternal blood pressure for 239 of 306 (78%) children. In 204 of 306 (67%) children, the SBP of both parents was available. The present results pertain to these children.
Data analysis.
Means and dispersion measures of parental and child characteristics were calculated by tertiles of both maternal and paternal SBP separately. Differences were tested using analysis of variance, or Kruskal-Wallis tests in case of skewed data, for continuous variables and χ 2 tests for frequencies.
Prior to analysis, some factors were considered to be potential confounders. We adjusted for gender and age of the child at follow-up. Body mass index (BMI) of the children was accounted for, as offspring of parents with higher SBP might have higher BMI 6, 7 , which is related to CIMT 15 . Adjustments were made for maternal age at childbirth, as blood pressure increases with age and maternal age might be related to children's vasculature 21 . Parental smoking habits were accounted for as these might be both related to parental SBP and children's vasculature 22 . Blood pressure of the children was not considered to be a potential confounder, but as possible mediator.
Multiple regression was used to assess the association between parental SBP and children's vasculature. For modeling convenience, we used generalized linear modeling with a normal distribution and the identity as link function. CIMT, distensibility, and EM were used as dependent variables and maternal and paternal SBP as independent variables in separate models. Adjustments for confounders, as described above, were made by adding the confounders to the model as covariates.
To study whether SBP of either parent reinforced the findings in their children or only the combination of both parents, the presence of interaction between maternal and paternal SBP on an additive scale was tested for each of the vascular parameters. Therefore, the product term of paternal and maternal SBP was added continuously to the models, which also contained the main effects of paternal and maternal SBP. Interaction was tested by comparing the model fit with and without the product term, based on the likelihood ratio test.
To study a dose-response relation between parental SBP and children's vasculature, children were categorized based on parental SBP tertiles. Vascular characteristics of children of whom only maternal SBP, only paternal SBP, or both maternal and paternal SBP were in the highest SBP tertiles were compared with those of children of whom neither maternal SBP nor paternal SBP was in the highest SBP tertile. These categories were included in the generalized linear model as a factor.
All analyses were additionally performed with parental DBP. Complete data on parental SBP and confounders were available for 176 of 304 (58%), 156 of 261 (60%) and 154 of 259 (59%) children for CIMT, distensibility, and EM, respectively. Missing data on parental SBP and confounders were imputed using the automatic multiple imputation method in SPSS version 17.0 (SPSS, Chicago, IL) for Windows and the analyses were repeated in the 10 imputed data sets.
All results are expressed as linear regression coefficients with 95%-CIs and corresponding P values. Statistical significance was considered to be reached at P two sided < 0.05. All analyses were performed with SPSS version 17.0 for Windows. Prenatal exposure to tobacco smoke tended to be associated with paternal SBP. Western maternal origin was associated with maternal SBP and therefore further analyses were also adjusted for maternal ethnicity. Gestational age and birth weight were positively associated with paternal SBP. No significant differences across parental SBP tertiles were found in gender distribution, the age of the child at follow-up, maternal age at childbirth and CVD risk factors of the child aged 5 years, such as BMI and blood pressure ( Table 1) .
After adjustment for confounders ( Table 2) , the CIMT of the offspring was 0.61 μm greater with every 1-mm Hg higher maternal SBP. However, CIMT of the children was not associated with paternal SBP. Neither paternal nor maternal SBP was significantly related to distensibility or EM, separately.
When studying the combined parental effects, no significant interaction was present for CIMT (P = 0.43). When paternal SBP was additionally accounted for, CIMT of the children was 0.58 μm higher (95%-CI: 0.14, 1.0; P = 0.01) with every 1-mm Hg increase in maternal SBP. Significant interaction between maternal and paternal SBP was present for distensibility (P = 0.003) and EM (P = 0.001). Therefore, the relation between maternal SBP and children's vasculature is presented stratified for paternal SBP and vice versa in Figure 2 . Maternal SBP and distensibility and EM of the children were more strongly associated, negative and positive respectively, with increasing paternal SBP and vice versa Children of whom both the maternal and paternal SBP were in the highest SBP tertile (n = 30) had a greater CIMT, higher EM, and lower distensibility compared with children of whom neither of the parents had a SBP level in the highest SBP tertile (n = 95) (Figure 3) . In these children (n = 30), CIMT and EM were 17.9 μm (95%-CI: 4.0, 31.9, P = 0.01) and 20.1 kPa (95%-CI: 1.1, 39.2, P = 0.04) higher respectively, and distensibility was 11.6 1/Mpa (95%-CI: −22.9, −0.31, P = 0.04) lower, adjusted for confounders.
Additionally, adjusting the CIMT models for SBP of the children did not change the results. Since blood pressure of the children is part of the equation for arterial stiffness, the stiffness models were not further adjusted. No significant associations between parental DBP and children's vasculature were determined (data not shown).
After multiple imputation of missing values, comparable results were obtained.
discussion
Previous studies have shown significant differences in the vasculature of adolescent and adult offspring of hypertensive compared with offspring of normotensive parents [4] [5] [6] [7] [8] . This study adds to that knowledge by showing that parental SBP was associated continuously to the vascular properties of their offspring as early as at 5 years of age and especially in children of whom both parents had higher SBP. To the best of our knowledge, we are the first to determine an association between parental SBP and the vascular characteristics of their children this early in life. Moreover, this association was present in a population with a low CVD risk, which indicates that even in a relatively normal range, higher parental blood pressure values were related to differences in the vascular system of their children.
Some limitations have to be discussed. WHISTLER is a population-based cohort of healthy, young children and parents, which made it possible to study parental blood pressure influences in a population with a low short term CVD risk. Due to the design, subjects with a healthier lifestyle might be more willing to participate. Moreover, children with follow-up had a longer gestational period and tended to be larger at birth (data not shown) compared with those lost to follow-up. Data on parental SBP was available for 204 of 306 (67%) children.
Since parental SBP was obtained protocolized as part of participation to UHP, no prior selection based on SBP level was made. A complete case analysis was performed for CIMT, distensibility, and EM on respectively 176 of 202 (87%), 156 of 174 (90%), and 154 of 172 (90%) children. This selection has probably not biased our results, as it seems unlikely that the observed association would be the other way around for those children with missing data. In addition, comparable results were obtained after multiple imputation (data not shown). The ultrasonography was performed blinded to parental characteristics and the vascular properties were measured automatically with the echotracking device. Therefore, the probability that information bias is present in the vascular measurements is negligible. No data on current parental blood pressure were available. However, the timing of follow-up of their offspring was independent of parental blood pressure measurement ( Table 1 ) and blood pressure is relatively constant over time at younger ages 23 . Even if absolute blood pressure levels have changed over time, ranking of blood pressure is more constant, CI, confidence interval; CIMT, carotid intima media thickness; EM, elastic modulus; SBP, systolic blood pressure.
Results are linear regression coefficients for children's CIMT, distensibility, and EM per 1-mm Hg increase in parental SBP. Adjustments are made for gender, body mass index and age at follow-up of the offspring, maternal smoking during pregnancy, parental smoking in the postnatal period, maternal age at childbirth and maternal ethnicity. * P < 0.05, † P < 0.01. first, second, and third tertile, the regression coefficients with 95%-CI for maternal sBP on CIMt, distensibility, and EM of the offspring are presented stratified per paternal sBP tertile. Within the columns for M (mother) first, second, and third tertile, the regression coefficients with 95%-CI for paternal sBP on CIMt, distensibility, and EM of the offspring are presented stratified per maternal sBP tertile. analyses are adjusted for confounders. CI, confidence interval; CIMt, carotid intima media thickness; EM, elastic modulus; sBP, systolic blood pressure. had a sBP in the highest tertile, and children of whom both parents (M+F+) had a sBP in the highest tertile were compared with children of whom neither one of the parents had a sBP in the highest tertile (M−F−), the reference category. Results are regression coefficients with 95%-CI. analyses are adjusted for confounders. CI, confidence interval; CIMt, carotid intima media thickness, EM, elastic modulus, sBP, systolic blood pressure.
so called tracking 24 . Therefore, it is unlikely that the time interval between parental and offspring measurements has biased the results. In 16 children, blood pressure of at least one parent was only measured once. The same conclusions could be drawn when excluding these 16 subjects from analyses (data not shown). Familial aggregation of CVD risk factors is due to both genetic and environmental factors. The observed relation between parental SBP and children's vasculature might as well be explained through a genetic predisposition, through an unfavorable lifestyle or through a combination of both. First, parental blood pressure is an important predictor of blood pressure levels of their offspring 1 . However, blood pressure levels of the offspring did not differ across strata of parental SBP ( Table 1 ) and adjusting the CIMT models for the SBP of the children did not change the results. Therefore, the observed association between parental SBP and children's vasculature could not be explained by blood pressure of the children. This is in line with previous studies in older subjects, in which the vascular differences in offspring of hypertensive parents were independent of blood pressure of the children 4, 5 . These findings may suggest that the observed vascular differences precede blood pressure differences, as has previously been shown in normotensive adults 25 . Second, the observed interaction between maternal and paternal SBP (Figure 2 ) and the observed dose-response relation when both parents were in the highest SBP tertile (Figure 3) might be explained by a shared, unfavorable lifestyle especially in families in which both parents have relative high SBP. The lifestyle of the offspring might be less unfavorable when only one parent has an adverse lifestyle. However, the main CVD risk factors of the offspring, including blood pressure as mentioned earlier, did not differ across parental SBP strata ( Table 1 ) and could therefore not explain our findings. The present results might be more compatible with a genetic mechanism. Several genetic variants have been identified associated with blood pressure 26 . Moreover familial aggregation studies have shown that genetic factors account for a substantial proportion of the variation in arterial stiffness and CIMT [27] [28] [29] . In this study, parental blood pressure values were used as a proxy for their vascular status. A more adverse parental vascular profile might be associated with a higher CVD susceptibility in their children, especially if both parents have a more unfavorable vascular status. SBP but not DBP is associated with vascular stiffness 30 , which might explain about why an association with the vasculature of the offspring was present for parental SBP, but not for DBP.
In this study, differences in children's vasculature, which were associated with blood pressure of their parents were already detected as early as at 5 years of age. Since atherosclerosis is an accumulating process 11,12 these differences may even become larger later in life. This underlines the importance of CVD prevention starting at a very young age before the onset of atherosclerosis. Moreover, the results of this study stress the importance of family based CVD prevention, which would target the family rather than a single family member. CVD prevention might be focused especially on those families in which both parents have a relative high SBP, as it was in these children that differences in the vasculature were observed (Figure 3) . Even if the observed association would mainly reflect a genetic predisposition, additional efforts to prevent the development of other CVD risk factors might be needed for those children. Efforts such as the prevention of childhood obesity and advice on infant feeding practices could be considered, since we have previously shown that the type of infant feeding 31 and body size in childhood 15 are related to the vasculature in children as early as at 5 years of age.
In conclusion, even in a normal range, higher maternal blood pressure values are related to greater CIMT in their 5-year-old offspring. If both parents have higher SBP, the arterial walls of their offspring are thicker and stiffer. 
